Abstract Holprosencephaly (HPE) is the most common disorder of the developing forebrain in humans, and is characterized by varying degrees of abnormal union of the cerebral hemispheres. These defects are typically co-associated with midline craniofacial anomalies. The combination of forebrain and craniofacial defects that comprise HPE can present along a broad and variable phenotypic spectrum. Both the SHH and NODAL signaling pathways play important roles in the pathogenesis of this disorder. Disruption of these pathways by chromosomal rearrangements, mutations in pathway-related genes and/or biochemical alterations are proposed to contribute to HPE in a large number of patients. Additional factors that are not yet fully delineated are also very likely to be involved in the pathogenesis and phenotypic heterogeneity of the disorder. Genetic loss of GAS1, a cell membrane receptor and positive regulator of SHH, has been demonstrated to contribute to the HPE phenotypic spectrum in animal models. We have evaluated the coding and flanking sequence of GAS1 in 394 patients who have clinical findings within the HPE phenotypic spectrum, and now report five novel missense sequence variants among five unrelated HPE
Introduction
Holoprosencephaly (HPE) is the most common disorder of the developing forebrain in humans and affects 1:250 pregnancies and 1:10,000 live births (Matsunaga and Shiota 1977) . This etiologically complex disorder is characterized by a broad phenotypic spectrum including abnormal union of the cerebral hemispheres. The forebrain defects are classified into common HPE subtypes, including the alobar, semilobar, lobar, and middle interhemispheric variant forms. Associated (but highly variable) craniofacial anomalies include cyclopia/synophthalmia, hypotelorism, flat nasal bridge, single nostril, congenital nasal pyriform aperture stenosis, cleft lip with or without palate and a single central maxillary incisor (Demyer et al. 1964; Hahn and Barnes 2010; Solomon et al. 2010b) .
Alterations in the components of the SHH and NODAL pathways have an important role in the pathogenesis of HPE . Chromosomal rearrangements disrupting genes encoding proteins related to these and other key signaling pathways are identified in *50% of patients, and another 25% of HPE occurs in the context of other multi-malformation syndromes (e.g. Smith-Lemli-Opitz, and others). Among patients with nonsyndromic, non-chromosomal HPE, 25% have mutations in genes in the aforementioned pathways; these genes include SHH (Roessler et al. 1996) , SIX3 (Wallis et al. 1999; Domené et al. 2008; Lacbawan et al. 2009 ), ZIC2 (Brown et al. 1998; Solomon et al. 2010a) , TGIF (Gripp et al. 2000) , GLI2 Roessler et al. 2005) , NODAL (Roessler et al. 2009c) , PTCH , and others. Additional environmental risk factors that potentially increase the risk of HPE include prenatal exposure agents such as retinoic acid, alcohol, gestational diabetes, and low maternal cholesterol (Muenke and Beachy 2000; Haas et al. 2007; Pineda-Alvarez et al. 2010) . Private familial mutations are the most frequently observed type of genetic changes. These mutations often segregate within pedigrees (Muenke lab, unpublished data) ; however, incomplete penetrance and variable expressivity are extremely common, particularly in those with mutations in SHH and SIX3 (Solomon et al. , 2010b .
Although substantial progress has recently been made in identifying many of the principal genetic and environmental factors that contribute to the development of HPE, the cause in a significant proportion of affected individuals remains unclear, making the delineation of additional contributory factors essential (Pineda-Alvarez et al. 2010) . Furthermore, clarification of just how gene-gene and gene-environmental factors contribute to the incidence and severity of HPE spectrum conditions remains a significant challenge.
During development of the brain and face in animals, SHH acts as a morphogen, wherein a tightly regulated gradient is required to generate an adequate signal throughout a target field. Many factors are involved in the regulation of such a gradient, such as the bi-lipid modification of the Hedgehog (HH) ligands, the proposed macromolecular multimers influencing free ligand diffusion, the intercellular matrix within which the ligand particles diffuse, and the induction of HH binding proteins such as PTCH1 and HIP that limit the range of action on target cells Muenke and Beachy 2000; . While many components of this pathway have been implicated in human HPE causation, the full extent of sequence variations in the extended Hedgehog pathway is yet to be determined.
Growth arrest-specific 1 gene (GAS1) encodes a glycosylphosphatidyl inositol (GPI)-anchored membrane receptor protein (Stebel et al. 2000) , which acts as co-receptor and positive modulator of at least two hedgehog (HH) proteins (SHH and IHH). In mice, Gas1 null mutations (through targeted disruption) produces a phenotype consistent with the microform HPE spectrum, including brain, craniofacial, and limb anomalies that are more severe with co-morbid genetic reductions of Shh gene dosage or deletion of another hedgehog co-receptor, Cdo (Martinelli and Fan 2007a; Seppala et al. 2007; Allen et al. 2007) .
SHH physically interacts with GAS1 through several specific residues. At least one amino acid substitution (p.Asn115Lys) in those residues has been directly implicated in human HPE and causes a decrease in the affinity between SHH and GAS1, highlighting a role in human HPE Roessler et al. 2009a) related to the way this interaction affects downstream signaling (Martinelli and Fan 2009) .
In order to generate an adequate signaling response, GAS1 acts in synergy with PTCH1; cells expressing both GAS1 and PTCH have an increased capacity to bind SHH compared to the situation in which either is expressed alone (Seppala et al. 2007; Martinelli and Fan 2007a, b) . The fly ortholog of Cdo, ihog, demonstrates multiple complex interactions with ptc that influence hh pathway activity. In vertebrates the orthologs CDO and BOC are also considered to be cell membrane co-receptors and positive regulators of SHH, and also interact with PTCH and GAS1 to stabilize the binding affinity with SHH, resulting in subsequent activation of the downstream pathway Martinelli and Fan 2007a) . The requirement for this type of interaction is exemplified by the occurrence of both severe HPE and typically accompanying craniofacial defects in Gas1
-/-; Cdo -/-double null mice, while the null condition for either gene alone produces relatively milder midline craniofacial anomalies (Allen et al. 2007) .
GAS1 is also important in initiating and maintaining the SHH morphogenic gradient. In early development, SHH and GAS1 co-localize in the floor plate of the neural plate/ tube. However, SHH expression decreases GAS1 expression in the most ventral aspect of the neural tube, and conversely increases the expression of GAS1 in more dorsal locations where the SHH concentration is lower. This supports the important role of GAS1 in maintaining SHH long-range signaling (Kang et al. 2007; Martinelli and Fan 2007a) . Taken together, we conclude that GAS1 constitutes an excellent pathway-derived candidate gene that may contribute to the phenotypic spectrum of human HPE.
A recent study screened a Brazilian cohort of 54 unrelated patients with findings in the HPE phenotypic spectrum for mutations in GAS1 (Ribeiro et al. 2010 ). This study described four novel sequence variants. Two of these patients did not present with chromosomal anomalies or detectable mutations in the genes most commonly implicated in HPE (specifically SHH, SIX3, ZIC2, TGIF, and GLI2). Interestingly, the remaining two individuals presented with potentially pathogenic mutations in SHH in addition to the newly described GAS1 sequence variants. The significance of this observation will be discussed.
In addition to extending our sequencing analysis of GAS1 (NM_002048.2) to a larger cohort of unrelated patients with HPE than previously reported, we now also present detailed molecular and clinical findings of all known sequence variants in this replication study, including experimental functional data on the ligand (SHH) to receptor (GAS1) binding affinity acquired from cultured cells.
Materials and methods
Patient selection and DNA sequencing of GAS1 All subjects in this study provided written informed consent for participation in HPE-related research and clinical protocols in accordance with our NHGRI IRB guidelines.
Sequencing analysis was performed at two different phases during this study. The initial sample set was composed of 310 unrelated probands with HPE. Later, given the positive results of the ligand-receptor affinity assays (see ''Results''), an additional set of 84 patients with HPE (more recently recruited) and a corresponding panel of 96 Human Random Controls (HRC) (Sigma-Aldrich, MO, USA) were also analyzed with the goal of identifying additional variants, as well as interrogating whether any of the novel variants identified in HPE cohorts were also present in controls.
GAS1 (NM_002048.2) reference sequence annotation was obtained from publicly available databases provided by NCBI (http://www.ncbi.nlm.nih.gov/) and the UCSC Genome Browser (http://www.genome.ucsc.edu/). Synthetic oligonucleotide primers were designed and optimized to cover this gene's coding sequence (1 kb) and immediate flanking sequences (amplicon 1: Forward primer 5 0 GTG GGC AGG ACT TGG ACA AAC 3 0 , and reverse primer: 5 0 CTG CTC AAC GAC TGC GTG TGC 3 0 ; amplicon 2: forward primer: 5 0 CTG AGC CGC TAC CTG ACC TAC 3 0 , and reverse primer: 5 0 GTG GCT TGG GAC AGA TAG AAG G 3 0 ). PCR amplification was performed using 25 ng of genomic DNA template with the FastStart Ò Polymerase PCR Kit (Roche Applied Sciences, IN, USA) on a 25 ll total reaction volume, under the following conditions: 19 (2.5 ll) of amplification buffer (109 containing 20 mM of MgCl 2 ), 0.20 mM (0.5 ll) of dNTP mix (10 mM), 19 (5 ll) of GC-rich solution (59), 0.30 mM of each oligonucleotide primer, and 1 U (0.2 ll) of FastStart Ò Polymerase (5 U/ll). Subsequently, PCR products were purified using QIAquick Ò 96 PCR purification kit (Qiagen, MD, USA).
Sequencing reactions were performed using the BigDye Terminator v3.1 chemistry, and capillary electrophoresis was performed in an ABI 3730xl genetic analyzer (Applied Biosystems, CA, USA) as recommended by the manufacturer. Chromatograms were aligned to the reference sequence (NM_002048.2) and analyzed using Sequencher version 4.9 (GeneCodes Corp, MI, USA).
Bioinformatics analysis
Nucleotide and protein multi-species alignments were performed using EvoPrinter HD provided by the National Institute of Neurological Disorders and Stroke (NINDS) (http://evoprinter.ninds.nih.gov/), and Constraint-based Multiple Alignment Tool (COBALT) provided by NCBI (http://www.ncbi.nlm.nih.gov/tools/cobalt/) in order to estimate the conservation throughout higher vertebrate species of the nucleotide and protein residues where variants have occurred. Conserved functional domains of GAS1 were determined using UniProt (http://expasy.org/ sprot/) and literature review (Stebel et al. 2000; Cabrera et al. 2006; . SignalP 3.0 Server (http:// www.cbs.dtu.dk/services/SignalP/) was used to evaluate the likely effect of the variant occurring within GAS1's signaling peptide. Sequence variations were named using standard nomenclature rules http://www.hgvs.org/ mutnomen/) and confirmed by on-line Name Checker using Mutalyzer (http://www.mutalyzer.nl/2.0).
SHH-N-AP surface binding assay
Missense sequence variants in GAS1 found in the first set of patients (310 patients), and relevant variants described in previous studies from the literature (Ribeiro et al. 2010) were included in this arm of the study (Tables 1, 2) . Interestingly, one variant detected in our study (c.928C[T, p.Pro310Ser), could not be successfully propagated in E. coli, probably due to cellular toxicity; consequently, it could not be tested in the receptor-ligand binding assay. The observed toxicity is intriguing and could reflect an interaction with related GPI-linked enzymes in bacterial cells. Synonymous or non-coding variations were not tested in functional studies. The full length GAS1 cDNA was subjected to site-directed mutagenesis by a contractor (Transponics) using commercial reagents. Sequence verification of both coding strands documented construct integrity.
SHH-N-alkaline phosphatase (SHH-N-AP) conditioned media was produced in HEK293T cells by transient transfection using pcDNA3-SHH-N-AP ). Concentration was determined by AP activity (1 pmol of SHH-N-AP = 22.8 OD 405/h at 37°C) using p-nitrophenylphosphate as a substrate in standard assay condition . A binding titration curve was obtained by using COS cells transfected with 1 lg/well of pcDNA3-human GAS1 and 3 ll of Fugen-HD (Roche) in 6-well dishes. 48 h later, 1 ml of twofold serially diluted SHH-N-AP conditioned media was applied to each well. Cell surface binding and washing conditions were described in . For the relative binding assay, a sub-maximal (near saturation) concentration was used for all point mutants of human GAS1 (in pcDNA3) and wild type in parallel and the bound SHH-N-AP activities were determined. Kds for wildtype (WT) and p.Thr200Arg were determined using serial concentrations of SHH-N-AP for binding, followed by Scatchard plot analysis ).
Western-blot analyses
One microgram of pcDNA3 vectors carrying wild type and point mutants of human GAS1 cDNA were transfected into COS cells (in 6-well dishes); 0.25 lg pcDNA3-gpi-YFP (Martinelli and Fan 2007a ) was co-transfected as control; Empty vector was used as a control for the specificity of antibody detection of GAS1 and YFP. Forty-eight hours after transfection, cells were lysed in 300 ll of RIPA buffer. Cleared lysates were supplemented with 100 ll of 49 SDS sample buffer, and 10 ll of each lysate were subjected to 12.5% SDS-PAGE, followed by Western transfer to PVDF membrane. Western blot analyses were performed using a goat anti-human GAS1 (1:1,000; R&D Systems) and rabbit anti-GFP (1:2,000; Torre Pines), followed by appropriate HRP-conjugated secondary antibodies (Bio-Rad) and the ECL kit (GE).
Results

DNA sequence analysis
Sequence analysis of 394 unrelated probands referred for HPE spectrum clinical findings identified 5 novel missense sequence variants (not reported in dbSNP v.132-http:// www.ncbi.nlm.nih.gov/projects/SNP/) in 5 unrelated individuals (c.16C [G, p.Leu6Val; c.133C[G, p.Arg45Gly; c.660C[G, p.Asn220Lys; c.928C[T, p.Pro310Ser; and c958G[T, p.Gly320Cys) . In addition, three silent variants were identified, which were exclusive to this study's patient cohort (c.96C [G, p.Gly32Gly; c.741G[A, p.Glu247Glu; and c.825C[A, p.Thr275Thr) , as well as one common polymorphism (c.264C[T, p.Ala88Ala) that occurred in all patients cohorts, including those reported by Ribeiro et al. (2010) in the Brazilian study, and in our control group. Fig. 1 ; Table 1 ). These data represent a significant sampling of the genetic variation present in the GAS1 gene, and suggests that non-synonymous alterations are fairly common among HPE probands and their direct blood relatives.
SHH-N-AP surface binding assay
All clonable mutations in GAS1 detected in the present study were combined with those of the Brazilian study (Ribeiro et al. 2010 ) to evaluate their degree of SHH-N-AP (ligand) and GAS1 (receptor) interaction. Two point mutations (c.928C[T, p.Pro310Ser) that could not be propagated in E. coli, and the missense sequence variant that occurred in the random human control individual (p.Gly161Asp) were not included the experiments. Of the nine mutations tested with this assay (Fig. 2a, b) , seven had measurable reductions of binding capacity between SHH-N-AP and the mutant receptor. One mutation in particular (c.599C [G, p.Thr200Arg) demonstrated an approximately 95% loss of total binding with SHH compared to wild-type constructs. Scatchard analysis for this c.599C[G GAS1 construct demonstrates its failure to bind SHH with measurable affinity despite comparable protein expression as determined by Western blot (Fig. 2a,  b) . The second mutation that is significantly affected encodes c.660C[G, p.Asn220Lys. This variant reduces GAS1's binding activity to SHH by approximately 20-25% as determined by the AP (SHH-N-AP) reporter bound on the transfected cells. Interestingly, these mutations are located in the second cysteine-rich domain, which is thought to perform the receptor binding function, per se.
The remaining missense mutations had measurable binding reductions ranging between 20 and 5%. These variants are located outside of cysteine-rich domains, but still present in highly conserved regions based on multiple species alignments. Two sequence variants did not affect the ability of GAS1 to bind SHH; the explanation regarding one of these variants (c.958G[T, p.Gly320Cys) likely relates to the fact that it is located in the GPI-domain (hydrophobic carboxyl end of the protein) that becomes replaced by the GPI-anchor. The second such variant (c.736G[T, p.Ala246Ser) is located three residues to the carboxyl end of the second cysteine-rich domain (Fig. 1) .
Furthermore, the nature of the amino acid change suggests that it is likely a benign variant (Ribeiro et al. 2010) .
Discussion
In this present study, we provide functional data regarding all types of alterations (benign, hypomorphic and loss-offunction alleles) in GAS1. When these data are combined with the mutation data of other genes in the Hedgehog pathway an interesting pattern begins to emerge. While extreme dysfunction of GAS1 is relatively infrequent (with the p.Thr200Arg variant as the best example in this study), we find an unexpectedly frequent occurrence of hypomorphic alleles with measurably reduced SHH-AP binding activity. This is precisely what was previously predicted from gene-gene interaction studies in animal models: studies that imply that Gas1 variants can function as modifiers of other Hedgehog-related gene products, including HH itself. It is also intriguing that when two mutations are identified in the same proband (a situation that is clearly uncommon overall) one of the mutations is predicted to be strong or nearly null, while the companion variation is hypomorphic. We propose that the former are the primary drivers of the malformation and that the hypomorphic variants account for much of the clinical phenotypic variability.
In order to adequately interpret the effect of specific variations of GAS1 on the activation of the SHH signaling pathway, the former's protein structure and basic biology must be understood. As shown in Fig. 1 , the protein structure of GAS1 consists of two conserved hydrophobic domains, a signaling peptide and a propeptide/GPI-signaling domain at the amino and carboxyl ends of the Fig. 1 Structural motifs of GAS1 and the position of missense variations. The signal peptide (tan) and the COOH-terminus removed by the process of GPI-anchor addition (grey) are sites of genetic variation (red). The patient-associated mutations from this study are shown in red, while those of the Brazilian study are shown in blue. The non-synonymous p.Gly161Asp detected among controls (green) is observed in the non-conserved region between two conserved motifs (yellow) protein (amino acids 1-39 and 318-345, respectively), two cysteine-rich domains analogous to the Glial cell-derived neurotrophic factor (GDNF), which composes the portion of the receptor that interacts with its ligands, and a GPIanchor placed in residue serine 318. The two hydrophobic domains are cleaved off the mature protein in the endoplasmatic reticulum during processing (Cabrera et al. 2006; Stebel et al. 2000) . Presumably, the conserved residues of the remaining polypeptide are critical for the three-dimensional structure of the receptor, as well as its presentation (anchoring) on the cell membrane.
Two missense variants observed in both hydrophobic regions are interpreted as likely benign (Figs. 1, 2) . The variant c.16C [G, p.Leu6Val , occurs in the signaling peptide, which was not predicted by SignalP 3.0 to be affected by this amino acidic change; additionally, it was noted to be inherited from an unaffected parent (Table 2) . The second variant, c.958G[T, p.Gly320Cys, occurs at the end of the gene in an evolutionarily conserved residue in vertebrates. However, this variant did not have an effect on the observed binding affinity between GAS1 and SHH (Fig. 2b) since it is effectively eliminated once the GPIanchor is attached.
Another benign variant was elucidated, c.736G[T, p.Ala246Ser. Multi-species alignments show that this amino acid is poorly conserved among vertebrates, and in addition, the SHH-N-AP surface-binding assay (Fig. 2b) showed no loss-of-binding. Furthermore, Ribeiro et al. (2010) classified this rare variant as benign based on in-silico prediction software, such as, Polyphen-2 (http:// genetics.bwh.harvard.edu/pph2/; Adzhubei et al. 2010) .
Five GAS1's variants were interpreted as hypomorphic, with decreased SHH binding-capacity, ranging from 5 to 25% reduction in SHH-binding capacity (Fig. 2b) . Interestingly, three of these variants co-occurred in unrelated patients with previously identified mutations in ZIC2 and SHH (see Table 2 ). A de novo ZIC2 mutation, c.994_ 1005dup, occurred in a patient with semilobar HPE, and co-segregated with the paternally inherited p.Arg45Gly variant in GAS1. The novel ZIC2 mutation, which alters the C2H2 motif of the third zinc-finger key element for this transcription factor, therefore represents a likely pathogenic variant (Roessler et al. 2009b) . However, the hypomorphic change in GAS1 possibly contributes to the phenotypic characteristics of this patient, as it potentially further reduces the effective SHH signaling for the ventral midline structures. Other variants of GAS1 (p.Asp270Tyr and p.Asp288Gly) that co-occured with SHH mutations were identified in two patients of the cohort described by our Brazilian colleagues (Ribeiro et al. 2010) . Both SHH variants occurred in the COOH-terminus. Although the C-terminus of SHH is not part of the mature ligand, it has a fundamental role for N-terminus (ligand) processing and bi-lipidation. Mutations in this domain of the SHH protein have been proven to be hypomorphic (Roessler et al. 2009a; Tokhunts et al. 2010) . The co-segregating variants in GAS1 found in this study (Fig. 2b ) may contribute to further detriment the already altered SHH gradient in the ventral forebrain. Additional hypomorphic variants in GAS1 (p.Asn220Lys and p.Gly259Lys) occurred in patients with microforms of HPE and without co-segregation of any other known pathogenic mutation in HPEassociated genes. With these results, we feel that we have documented instances where hypomorphic mutations in known HPE-associated genes interact with others of related function and thus contribute to the variability of the Fig. 2 a The upper panel, depicting a Western blot, illustrates that transfected pcDNA3 constructs with the wild-type version and all point mutations of GAS1 presented a uniform level of expression of GAS1. This excludes differences of expression levels as the cause of significant variation of binding affinity in the SHH-N-alkaline phosphatase (SHH-N-AP) surface binding assay. b The lower panel shows relative percentage surface-binding of SHH-N-AP to GAS1. Constructs containing the wild-type version of the protein and each point mutation in GAS1 were tested. While the variant p.Thr200Arg fails to bind with SHH, several other variants show measurably hypomorphic reduced affinity (p.Arg45Gly, p.Asn220Lys, p.Gly259Arg, p.Gly259Glu, p.Asn270Tyr, and p.Asn288Gly) compared to the wild-type while others (p.Ala246Ser and p.Gly320Asp) demonstrate essentially the same affinity as the wild-type (100%). Note that a fully processed, GPIlinked protein translated from the p.Gly320Asp missense construct would lack this residue in the membrane form Hum Genet (2012) 131:301-310 307 phenotypic spectrum of this disorder (Solomon et al. 2010b ). This represents the first objective (i.e., functionally demonstrated) example of the so-called ''multiple hit hypothesis'' for the genesis of HPE (Fig. 3) . Only one variant (p.Thr200Arg) presented with near-null binding affinity between GAS1 and SHH, and occurred in a patient with the semilobar form of HPE accompanied by moderately severe craniofacial anomalies (see Table 2 for details) (Ribeiro et al. 2010) . With this GAS1 mutation being near null, the severity of the effect is less than might be expected (Solomon et al. 2010b) . We suggest that other SHH co-receptors such as CDO and BOC may compensate to some degree for the GAS1 loss.
In summary, we have demonstrated that various mutations in GAS1 result in variable reductions in the binding affinity for its ligand, SHH. These mutations may independently cause phenotypic anomalies along the HPE phenotypic spectrum or act to modify the effect of bona fide mutations in other HPE-associated genes. The developmental anomalies that occur likely are the result of a direct adverse effect or a deepening of a defect in both the SHH morphogenic gradient and its downstream signaling cascade. This may be the basis for phenotypic heterogeneity observed in families segregating mutations in SHH and SIX3 (Solomon et al. 2010b; Solomon et al. 2009 ). Although sequence variations that occurred in the control group were not functionally tested in this study, evidence derived from preliminary data and other studies unrelated to this disorder suggest that hypomorphic modifying variants occur in the general population at higher frequency than more detrimental variants. We hypothesize that the allelic frequency of these hypomorphic variants maybe more common than more severe mutations, as the former require other variants to produce a detectable phenotypic effect. Our results further suggest that in future genomic research, more emphasis should be placed upon studying the effects of relatively minor genomic variations that may cause subtle anomalies only revealed by careful phenotypic characterization.
Overall, our interpretation of the results is nevertheless preliminary and, therefore, limited since the SHH-N-AP surface-binding assay only measures the physical interaction between SHH and GAS1, leaving the signaling cascade not fully assessed. Moreover, GAS1, CDO, BOC and PTCH, which are all co-receptors of SHH, synergize in order to produce a single effect (Zheng et al. 2010; Beachy et al. 2010) , and therefore, the interactions between them have not yet been evaluated.
In conclusion, we have demonstrated that pathogenic variation of GAS1 occurs in more than 1% of patients with non-syndromic and non-chromosomal HPE (6 of 448 patients in this, combined with the Brazilian study). Following the current recommendations for molecular evaluation of patients with abnormalities that are within the HPE phenotypic spectrum (Pineda-Alvarez et al. 2010) , we now propose that GAS1 should be screened for mutations as part of the routine molecular diagnostic approach for affected probands.
